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Abstract 


A fundamental investigation of the fracture behavior of fiber re- 
inforced composites is discussed. It is suggested that experimental and. 
analytical investigations should compliment each other. Further, it is 
suggested that in order to understand and mathematically model composite 
fracture it is necessary to explore, understand and characterize the 
stress-strain behavior of each type of laminate tested from initial loading 
to incipient fracture. That is, it is not only necessary to perform 
fracture studies but it is necessary to perform stress-strain characteri- 
zation and failure studies as well. For this reason a literature survey 
is presented in which these three elements are discussed. 

An experimental program to determine tensile properties of unnotched 
and notched unidirectional and multi -directional laminates composed of 
Hercules AS Fiber and 3501 Resin is described. Experimental unnotched 
moduli and strengths are presented, discussed and compared to lamination 
theory predictions. It is shown that rate effects are small and that lami- 
nation theory gives good results for moduli but not for strengths. Further 
photographs of unnotched fracture surfaces as well as SEM photographs of 
inherent flaws are presented. 

Single edge notched, double edge notched and inclined single edge 
notched fracture studies are presented. It is shown that stable crack 
growth does occur and some evidence of notch sensitivity is given. Further 
the results of tests on various size circular holes is presented and 
compared to the fracture theories of Waddoups, et al . , and Whitney, et al. 
Differences between theory and experiment are discussed. 
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INTRODUCTION 


Composite materials have the potential of being superior to ordinary 
engineering materials for a variety of reasons. Notably among these are 
their high strength to weight ratios and the possibility to "tailor" their 
strength properties to fit a particular structural situation. However, the 
very qualities which make composite materials attractive also serve as 
limitations. In contrast to normal isotropic and homogeneous engineering 
materials such as metals and polymers, little is known about the failure 
and fracture behavior of these generally anisotropic and inhomogeneous 
materials. Thus, designers do not have clearly defined and proven failure 
or fracture criteria at their disposal. These factors precipitated the 
current study into the failure and/or fracture strengths and mechanisms of 
polymer based fiber reinforced laminated composites. 

The above mentioned uncertainties about composite behavior refer to 
both experimental procedures in obtaining data and to the analytical ap- 
proaches necessary to explain observed laboratory behavior. It was felt 
that a "two-pronged" program of analysis and experiment should be initiated 
in which analysis would guide experiment and in which experiment would 
guide analysis. Generally, the analytical work was to be conducted at 
Battel le and the experimental work was to be conducted at V.P.I. & S.U. 

This report relates to the effort performed at V.P.I. & S.U. A separate 
report is concurrently being prepared by M. F. Kanninen, E. 6. Rybicki, 
et al. of Battelle Columbus Laboratories. 

The objectives of the current program were to survey the literature 
for experimental techniques and applicable results on polymer based fiber 
reinforced composites, to test and evaluate various mechanical properties 
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of uniaxiaTly and muUiaxially oriented graphite/epoxy laminates with and 
without flaws under various loading conditions and for various flaw 
geometries, and to critically compare results with existing data and exist- 
ing theories. This effort was to be performed on production type composites, 
i.e., composites which a designer is likely to work with as opposed to 
composites which are produced under controlled laboratory conditions. 

As mentioned earlier* in order to design structures utilizing com- 
posites it is necessary to have reliable data and analytical characteriza- 
tion procedures for constitutive (stress-strain) properties, failure 
behavior and fracture behavior. Perhaps at this point it would be appro- 
priate to state explicitly what is meant by these three necessary items. 
Herein, constitutive properties is taken to mean the measured relationships 
between stress and strain and their analytical characterization from 
initial loading (zero stress and strain) until separation (fracture). 
Constitutive properties include moduli and Poisson's ratios which may vary 
with strain level and with strain rate. That is, linear elasticity is not 
necessarily assumed. 

Failure properties refers to the measurement of critical strengths 
and their analytical quantification 'ria a failure, yield or strength theory. 
Such properties refer to materials containing only natural flaws where the 
size of the flaws are insignificant wlien compared to other material or 
constituent dimensions. Fracture, on the other hand, refers to the identi- 
fication of a measured critical strength associated with a measured critical 
size flaw, notch or crack together with an analytical relation between 
strength and flaw size. 

With these these definitions it is intended to indicate that when 
dealing with laminated composites, experiment and analysis must and should 
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go hand-in-hand. The fundamental idea is that if generic properties of 
the constituents of a laminate (i.e., the matrix and the fibers of a single 
ply) are available, then the properties of the laminate can be prsdicted 
by analytical techniques. This is in contrast to the usual design proce- 
dures where prediction of the behavior of a metallic alloy is rarely 
attempted knowing only the behavior of the ingredients. 

In the following, an effort has been made to review the various methods 
currently being used to experimentally ascertain information relevant to 
constitutive, failure, and fracture properties together with the current 
methods available for the quantification or prediction of such measurements. 

A test program and test results are described related to the collection of 
these three types of properties. Further, measured data are compared to 
predictions based on some of the currently available procedures. 

LITERATURE SURVEY 

In order to develop proper failure and/or fracture design guides for 
laminated composite materials it is necessary to thoroughly uciderstand their 
stress-strain behavior and how this behavior is related to both failure and 
fracture. As a result, it is appropriate to revievi some of the more 
pertinent analytical and experimental procedures which are currently used 
in evaluating composite behavior. 

Stress-Strain Characterization 

Polymer based fiber reinforced composites are, in general, aniso- 
tropic and inhomogeneous materials. Except possibly for the rule of mix- 
tures approach to stiffness, inhomogeneity is seldom accounted for. Most 
analytical techniques for the stress-strain characterization of laminated 
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composites is based upon linear anisotropic elasticity. Such a constitu- 
tive equation can be written as, 

e = S a (1 ) 

where e, S, and o are the strain, compliance and stress tensors, respective- 
ly. Alternately equation (1) could be written as, 

, g = 9 e (2) 

where Q is the stiffness tensor. The quantities S and Q must be experi- 
mentally determined and represent a minimum of 21 independent elastic con- 
stants for general anisotropy. Obviously, if general laminates were con- 
sidered to be anisotropic, extensive test programs would have to be per- 
formed to obtain only these necessary constants. Further, obvious diffi- 
culties would exist if heterogeneity were included. 

Often, linear orthotropic elastic constitutive equations are used to 
describe the behavior of individual plies or laminae or, sometimes, the 

[1-4] 

entire laminate. The former is the foundation of lamination theory. 

The latter can be used for unidirectional laminates and as a first approxi- 
mation to balanced symmetric general laminates, 

for orthotropic materials the number of necessary constants is reduced 
from 21 to six.^^^ For the case of plane stress the number of constants is 
further reduced to four. Thus, equation (1) can be written as. 
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"x = ^ " Ey 


y Ex ^ ty ^ 


- '’xz „ ^ „ 

-z-E“^x-Ey "y 


(3) 


Yxy = Gxy ""xy 

where = txz = xy^ =0, the principal material directions are x and y, 
the longitudinal and transverse moduli are Ey and Ey respectively, the 
longitudinal and transverse Poisson's ratios are Vxy and Vyx respectively, 
and the shear modulus is Gxy Furthermore, Ex^yx = ^y^xy number 

of independent constants to be experimentally determined is only four. 

For unidirectional or balanced general laminates, the constants Ex, 

Ey, and vxy can easily be determined from separate specimens tested in 
uniaxial tension in each of the two in-plane principal directions. However, 
the determination of Gxy is not nearly so easy and numerous tests have been 
suggested for this purpose. Some of these are: the rail shear test, 

the short beam shear test, the picture frame test, and the torsion test. 
Another method is simply to use the orthotropic transformation equations 
together with a tension test on a specimen loaded in a direction other than 
a principal material direction. For example, the modulus at an angle 9 to 
principal direction is given by. 


1 = cos e 


l^xy 


2vxvl 

sin 


Ex J 


cos^e + 


(4) 


where x, y and z are principal directions and x' is contained in the x-y 
plane. Given Ex, vxy, Ey and by measuring Ex', then Gxy can be found 
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from eq. 4. 

The use of eq. 4 to determine G^y, in many respects, represents a 
better approach than the use of the rail shear or other tests. That is, it 
is easier to insure the existence of a state of uniaxial tension than a 
state of pure shear. 

Another possible method of determining the shear modulus is through 
the use of special interrelations among the elastic constants. Two such 
cases due to St. Ven ant were reported by Lekhnitskiil^^^ and can be 
written as, 

1 1 .1 

Sxy Ex ^X ^y 

1 ^^xy ^ 2 

Gxy Ey »^Ex£y 

where x and y are principal material directions. Obviously, if equations 
(5) and (6) are valid, only two tensile tests are necessary to determine 
Ex» Ey, vxy, and Gxy. 

Because of the possibility of unbalanced and/or unsymmetric layups, 
most analyses use the properties of a single ply, lamina or orthotropic 
layer together with the necessary orthotropic transformation equations to 
"build up" or calculate the necessary elastic compliances or stiffnesses 
for either a symmetric or unsymmetric multi-layered laminate. As this 
laminated plate (lamination) theory can be found in a variety Of references 
[1-4] only an outline of the procedures will be given here. 

Consider a unidirectional orthotropic lamina under a state of plane 
stress in which the principal material directions coincide with the co- 
ordinate directions X and y, i.e. , the x and y are parallel and perpendicular 


(5) 

( 6 ) 
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to the fiber direction. Such lamina are called specially orthotropic and 
for this case the compliances and stiffnesses of equations (1) and (2) can 
be written as, 


or 



$11 S■^2 0 
$21 S22 0 



0 0 S66J 



Qll Qi2 0 
Q21 Q22 0 



[ 0 0 QeeJ 




Substitution of (7) into (1) yields equation (3). Relations between S, Q, 
and the quantities Ex, Ey, vxy in equations (3) are given in reference [4]. 
Note also that only four of the quantities S and Q in equations (7) and 
(8) are independent. 

If the principal material directions do not coincide with the co- 
ordinate axes X and y, equations (7) and (8) are no longer valid, i.e., the 
axes X and y are not parallel and perpendicular to the fiber directions. 
This is always the case for an arbitrary lamina or ply of an angle laminate 
For such a lamina equations (1) and (2) are valid and. 


S = 


or 


Q = 


1^11 ^12 ^13 
^21 S22 S23 
_^31 ^32 ^33. 

Qll ^12 ^13 
Q21 Q22 Q23 
Q3I % ^33 


= Q-' 


(9) 


= S 


-1 


( 10 ) 


where the quantities ^ and Q are the transformed compliances and stiffnesses. 
That is, relations analogous to equation (4) have been used to calculate S 
from S. *^or example, 

= $11 cos^e + (2 $i2 + Sss) sin^e cos^e + $22 sin^e (IT) 

A complete set of the appropriate transformation equations are given in 
references [4,5]. 

The laminate stiffnesses are calculated from the transformed laminae 
stiffnesses, eq. (10), by 

A = j - Zk-l) 

l\ I 

h 

where Z|^ represents the distance from the middle surface of the k ” layer 
and {^ 1 ^ represents the transformed lamina stiffnesses of the layer. 

The laminate compliances are given by, 

a = r^h (13) 

where h is the total thickness of the laminate. In other words, the 
laminate constitutive equation is, 

e = a a ( 14 ) 

The six constants, a, necessary to define the behavior of a general 
laminate can be obtained knowing only the behavior of a single ply. There- 
fore, using lamination theory, only the properties of a single unidirectional 
ply need to be determined experimentally. As single plies are quite thin 
(~ 0.005 in.), properties are usually determined by testing a multi-layered 
unidirectional laminate. These are taken as the assumed properties of a 
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single ply and the properties of general laminates are then calculated for 
each configuration being considered. Obviously, if the properties of the 
unidirectional laminate do not represent the properties of a single ply or 
if different defects are present in the manufacture of the general laminate 
as opposed to the unidirectional laminate, the "calculated" properties are 
likely to be in error. 

Much experimental work has been reported on the stress-strain be- 
havior of compos ites.J^^"^^^ However, often only longitudinal and trans- 
verse moduli are reported and not the additionally required Poisson's 
ratios and moduli at various angles to the load direction. As a result, 
assumptions of behavior must often be made to calculate laminate proper- 
ties with lamination theory. 

Failure Characterization 

The characterization of failure properties of laminated composites 
implies that unnotched failure stresses or strains can be calculated from 
a postulated strength, failure or yield criterion. For isotropic and 
homogeneous materials, such criteria as the maximum normal stress (Rankine), 
maximum shear stress (Tresca), maximum distortional energy (von-Mises), 
etc., are well established. For anisotropic inhomogeneous materials, 
similar failure theories are not weir established. A large number of 
fai’lure theories have been suggested for composite materials all of which 
are, at least partially, based upon modifying isotropic theories to include 
material anisotropy. Heterogenity and nonlinear stress-strain behavior is 
largely ignored. A well documented and complete survey of more than 16 
failure theories has been given by Sandhu with some experimental verifi- 
cation. 
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The definition of failure must be decided before a failure criteria 
is of any value. Usually, an ultimate strength (maximum stress at separa- 
tion) or the first departure from linear elastic behavior (or some similar 
definition of yielding) is used. The former works well for brittle be- 
havior and the latter for ductile behavior for the case of isotropic 
materials. The precise definition to use for the failure of laminated 
composites is as yet unclear. However, as the macroscopic stress-strain 
behavior is usually nearly linear to separation, most analyses use an ulti- 
mate strength approach as opposed to a yield approach. In either event no 
information is yet available regarding the direction of failure or yielding 
such as that given by the "flow rule" in plasticity treatments of isotropic 

materi al . 

Only two failure criteria will be treated herein. These are referred 
to as the Tsai-Hilll^^^ (Azzi-Tsai^’'^^) and Ashkenazi failure theories. 

A brief description of each follows. 

The Tsai-Hill theory is based upon a yield criterion proposed for 
anisotropic materials by Hill which was later modified by Azzi and Tsai for 
an orthotrppic or unidirectional lamina. For a complete description of 
each, see reference [14]. The governing equation for a state of plane 
stress can be written as, 

+ } (15) 

where a-| , 02 and stresses on an element whose sides are parallel 

and perpendicular to the fiber direction. Also, X, Y and S are the 
strengths from uniaxial tension and shear tests performed in the principal 
material directions. It has been shown that (15) conforms much closer to 
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experimental data for lamina than do simple extension of the maximum stress 
and strain theories to unidirectional compos ites^^^. 

The application of the Tsai-Hill theory to general laminates may be 
accomplished using lamination theory. The in-plane stress resultants can 
be calculated using (12) with, 

e® = A"'' N = A' N (16) 

where c° represents the in-plane laminate strains e^®, Cy® and Yxy** 

A' = A“^ represent the compliances (per unit length, i.e., in/lb), and N 
represents the stress resultants (per unit length, i.e., Ib/in). For 
uniaxial tension, Ny = N-| * Ny = N^y = 0 and 

^ x ° ” ^11 ^1 ’ ^ y ° “ ^12 ^1 ’ ^ xy ° " ^16 ^1 

The stresses in each layer are 

ax = (^n + Qi2 At 2 + Q-|5 A^g) 

^y “ ^^12 ^11 ^22 ^12 ^26 ^ 16 ^ *^1 

'^xy ^ (^16 ^11 %6 ^ 12 ^66 ^ 16 ^ ^1 

These stresses can be transformed to principal directions (parallel and 
normal to the fibers) for each ply and substituted into equation (15). Then 
the maximum applied failure load, N-|, for uniaxial tension can be determined 
It might be noted that by this procedure failure of a singTe lamina does 
not necessarily constitute failure of the entire laminate. Also, the pro- 
cedure described does not include the "free edge" effect or address the 
problem of failure due to interlaminar normal or shear stresses. 


The Ashkenazi theory for orthotropic composites also assumes that 
strength properties are tensorial. For plane stress this failure criterion 
may be written as,^^^^ 
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where and x^y are normal and shear stresses on an element making an 
angle e with the principal material directions, X, Y and S are the strengths 
from uniaxial and shear tests performed in the principal material direction, 
and X^^ and are the strengths at 45® to the principal material direc- 
tions. While it is unclear from reference [14], presumably equations (19) 
are for unidirectional lamina and extension to general laminates can be 
achieved by use of lamination theory as outlined by equations (16) - (18). 
Note, however, that equations (19) are valid only for uniaxial tension or 
pure shear only and not for a complex stress state. 

In order to use the above failure theories or others, it is necessary 


to know not only tensile strengths in the principal material direction but 
the shear strength as well. As with shear moduli, various tests have been 


iroposed for the purpose of determining shear strengths such as rail shear 


short beam shear, picture frame, torsion, etc. At this point it is diffi- 
cult to assess the validity of such tests as opposed to using tensorial 


•transformations to determine shear strengths from a tension test. 


Fracture Characterization 

The mathematical theory of linear elastic fracture mechanics (LEFM) 
is well established for homogeneous isotropic and anisotropic materials. 
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However, there remain many fundamental questions in regard to the experi- 
mental determination of stress intensity factors (K) or strain energy 
release rates (G) for particular crack geometries. For example, LEFM 
assumes perfect cracks of zero width and zero crack root radius. Obviously 
such perfection is not possible in the laboratory. As a result, there is 
still some concern for isotropic materials as to what effects finite crack 
tip radii have on G or K and especially how close to the finite crack tip 
data can be collected and still be correlated to LEFM. Even if near per- 
fect crack tip geometries are generated using fatigue to grow or enlarge a 
small crack, a small region near the crack tip cannot be modeled well by 
LEFM because of finite deformation and plasticity effects. Thus for iso- 
tropic as well as anisotropic but homogeneous materials, a core region 
adjacent to the crack tip on the order of the size of the crack root radius 
must be excluded in any analysis using LEFM. 

In composite materials, the picture is much more complex. These 
materials are inhomogeneous as well as anisotropic and various fracture 
mechanisms with separate but perhaps coupled fracture energies must be 
accounted for. However, perhaps the single most complicating feature of 
composite fracture is that self-similar crack growth is not likely to occur 
even for unidirectional or symmetric angle ply laminates. Without self- 
similar growth LEFM is, in general, not applicable to any material. 

The early fracture theories of Waddoups, et al. Cruse^-^®^, and 
Whitney, et al . consider only self-similar crack growth. Each of 
these investigators found that in order to use various fracture solutions 
for either holes or cracks that the crack length had to be adjusted to in- 
clude an intense energy region at each crack tip. The size of the intense 
energy region had to be found by experiment. 
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The more recent theories of and Sih^ ’ ^ not only can be 

used to predict critical load levels for crack growth, but will also pre- 
dict the direction of crack propagation. Wu*s technique performs this 
function by locatir.g the intersection of the stress vector surface and the 
failure surface (determined from unnotched biaxial tests). This calcula- 
tion must be made at a distance r^ away from the crack tip to avoid singular 
stress fields. Sih's technique employs a strain energy density concept. 

The strain energy density and its derivative must be found at a distance 
Vq away from the crack tip to avoid singular stress fields. Thus, while 
each of these theories give non-self-similar crack growth predictions, the 
size of the intense region must be known a priori or found by experiment. 

The approaches discussed to this point represent models with two 
arbitrary parameters as opposed to the usual model of LEFM with only one 
arbitrary parameter . 

F261 

A more recent approach due to Kulkarni and Rosen uses a materials 

science approach to model crack growth normal to the crack plane. Such 
crack growth has been observed for both unidirectional and general 
laminates. Without going into details, a critical intense energy region 
in the direction of the crack and normal to the crack must be found by 
experiment. That is, this technique is essentially a model with three 
arbitrary parameters . 

Perhaps it is worth while to note here that each of the fracture 
theories mentioned require either information relevant to accurate stress 
strain properties or to failure stresses and strains as well as valid 

fracture data. 

Obviously, all the questions regarding the size of actual crack tip 
geometries as opposed to the assumed ideal crack tip geometries used in 
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fracture analyses are even more important for composite materials. Tnis 
^ is reinforced by the fact that a recent experimental investigation tended 

to show that unidirectional graphite/epoxy notched composites are not in 
genera'.’ notch sensitive.^^^^^ In fact, notch insensitivity is implicit in 
the early fracture models as little distinction is made between a through 
circular flaw and a through crack. For this reason and for later 
reference, the theories of Waddoups, et al.^^^^ and Whitney, et al.^^°^ 
will be briefly outlined. 

Waddoups, et al . , in reference [19], modeled a circular flaw in a 
composite as having two slits or cracks emanating symmetrically from either 
side of the hole perpendicular to the load direction. Even though the 
slits were defined only as intense energy regions they were modeled mathe- 
matically as cracks using the Bowie crack solution. The latter can be 
written as, 

Kjj. = ac/Trer f(a/r) (20) 

where Kjq is the opening mode critical stress intensity factor, oq is the 
critical remote load, a is the length of the intense energy region (or 
crack) adjacent to the hole and f(a/r) is a function of the hole radius r. 

A table for f(a/r) values for an infinite plate for different hole sizes 
is given in referenciS [28]. For a specimen with no hole, f(a/r) = 1.0. 
Therefore , 

: f(a/r) (21) 

where Oq is the critical remote load for an unnotched tensile specimen. 
Thus, given oq and cq for one size hole, critical stress intensity factors 
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can be calculated for other size holes using equation (20) provided a/r 
values can be found. The a/r values were found using the elliptical hole 
analysis of Griffith^^^^ which essentially determines the size of the in- 
tense energy region or the value a. 

The fundamental idea is that using the results from one unnotched 
tensile test and from one notched tensile test, critical stresses for other 
size holes can be calculated assuming and a to remain constant. An 
identical procedure was used for slits. For either the case of holes or 
slits the size of the intense energy region was found to be a 0 (0.04 in.). 

Whitndy and Nuismer^^^^ used quite a different technique to explain 
the hole size effect in composites. Their argument was that, while dif- 
ferent size holes in an infinite plate have the same stress concentration 
factor, the stress gradient is quite different for each. That is, large 
stresses are localized more closely to the edge of a small hole than a 
large hole. As a result, a critical defect is more likely to occur in a 
region of high stress for a large hole. Both a point stress and an average 
stress technique were used. The point stress criterion was given by. 


<>0 ’ [2 + + 3R'> + f(K“,R)] 


( 22 ) 


where R = r/r + do* 2r is the hole diameter, do is the size of the damage 

Zone, and ac and gq are the critical notched and unnotched stresses as 

defined earlier. The quantity f(Kj,R) is a function of the hole size and 

00 

the orthotropic stress concentration factor for an infinite sheet, Kj. 

The average stress criterion was given by, 
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where j: = r/r + ao, Bq is the size of the damage zone and ac. cto, and 
f(Kx,R) are as defined previously. 

Identically the same technique was used for cracks except the stress 

state in front of a crack was used instead of the stress state in front of 

a hole. Good correlation between theory and experiment was shown for a 
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variety of quasi -isotropic laminates. 

EXPERIMENTAL PROCEDURES AND RESULTS 

It should be emphasized that the work reported in this section repre- 
sents all the data which has been collected to date. Additional data is 
currently being collected the results of which will be reported at a later 

date. 

Materials and Test Procedures^ 

The materials studied in this investigation were manufactured by 
Lockheed {Sunnyvale, Calif.) from prepreg tapes composed of Hercules 
(Magna, Utah) graphite AS fibers and epoxy resin 3501. The fundamental 
properties of the fibers were: 380-400 ksi tensile strength. 30-40Xlo3 ksi 

elastic modulus and 10,000 fibers/tow. The resin was a hot-melt 100% solids 
epoxy. No properties of the resin were available. The resulting [0]gs 
and [ 0 /± 30 / 0 ] 2 s 1 alginates were medium strength -medium modulus composite 
materials. Large 0.80 in thick plates were received from which individual 

specimens were machined. 

Some effort was made to determine the best procedures for machining 
specimens. Diamond saws, tungsten carbide cutting tools, and ultrasomc 
machining techniques were attempted. Diamond saws were selected to give 
the'best surface for the amount of machine time required. Surfaces 
machined by the various techniques were examined with a scanning electron 


microscope (Str;) and various inherent flaws were found. Figures la) and 
lb) are SEM photographs of a diamond and an ultrasonically machined surface 
respectively. Also shown in Figure 1 and in Figure 2 are examples of 
typical flaws which were found. Figure la) shows a near cylindrical void 
while Figure lb) shows a flaw which appears to be in a single ply and ex- 
tending at an angle to the interface between laminae. Additional flaws 
are shown in Figure 2 which gives an idea of the size and magnitude of the 
inherent flaws which were found. 

Uniaxial tension tests were performed on specimens with and without 
flaws using an Instron testing machine. After machining, all specimens 
were stored in a desiccator until tested. Specimens were allowed to sit 
and stabilize to the test environment for at least 1 hr. prior to testing 
Test temperatures were generally at room temperature of approximately 75°F 
and the relative humidity was generally less than 60^. 

Unnotched specimens were 0.5 in. wide with 4.5 in. between grips of 
the Instron tester. These specimens were instrumented with longitudinal 
and transverse strain gages and were tested at strain (head) rates from 
0.002 in. /min. to 2 in. /min. 

Specimens (1 in. wide with 4.5 in. between grips) with single edge 
notches, double edge notches and circular cut-outs were also tested. 

Notched specimens were generally tested at a head rate of 0.01 in. /min. 
under similar environmental conditions as the unnotched specimens. Edge 
notches were used as opposed to center notches because notch widths and 
notch tip geometries could be made much smaller using diamond saws as 
opposed to end mills. 

All tests were conducted without tabs, using sandpaper between epoxy 
coated wedge grips to minimize penetration of grip serrations into the 
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graphite/epoxy materials. Data collected in this manner correlated well 
* with data collected by NASA-Ames using tabs. 

Unnotched Tensile Properties 

Tensile tests were conducted on unnotched tensile specimens with 
nominal cross-sectional dimensions of 0.5 in. X 0.080 in. Both [0]g5 and 
[0/+30/0] laminates were tested at various strain rates and with loads at 
0°, 45°, and 90° to the principal material direction. A compilation of the 
test results is given in Tables 1-6. Because of the variability of stress- 
strain data, a statistical subroutine from the library of our IBM-370 
computer was used to condition the data. Typical computer generated stress 
strain diagrams and axial strain-transverse strain diagrams for various 

if ' ■ ■ 

strain rates together with actual data points are given in Figures 3-14. 
Note that the first number in the caption in each case refers to the direc- 

fit 

tion of the load with respect to the principal fiber direction. That is, 
the notation [45/15/75/45] indicates that the tensile load was applied to 
a strip cut at 45° to the 0° fiber direction of the [0/±30/0]2s laminate. 

It is apparent by examining Tables 1-6 that moduli, Poisson's ratios, 
and tensile strength do not appear to be significantly dependent upon 
strain rate, at least for the ranges examined. This is even true for cases 
where the load was at 90° to the principal fiber direction, i.e., where the 
material should be matrix dominated and hence viscoelastic. 

As yield strength is often a more sensitive indicator of rate depen- 
dence than other variables, efforts were made to determine the yield point 
of the materials tested. As some stress-strain curves were concave rather 
than convex, offset methods of defining yielding were not appropriate, 

Each stress-strain curve could be approximated reasonably well by two 
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straight lines. The point of intersection of such a bilinear curve was 
taken as the yield point. Again, no definitive conclusion could be reached 
regarding rate dependence in general. For [O ]05 and [0/±30/0]2s tests, 
this definition indicates a decrease of yield stress with increased strain 
rate. This is likely to be the result of a scissoring effect of the fibers 
and not a normal yield mechanism. Tests for other load directions gave 
less indication of any variability of a yield' stress as defined. 

Generally, the instantaneous modulus, d^^/dg = E^, and Poisson's Ratio 
changed throughout each test by as much as 25%. While decreases usually 
occurred, increases were noted for the C0]8$ and [0/±30/0]2s tests. Becaus e 
of these facts it would seem inappropriate to use initial elastic pro per- 
ties in fracture analyses . Nor would it be appropriate to use tensorial 

transformations in failure analyses. 

As indicated in Table 5, Poisson's ratios were negative for the 
[45/15/75/45] tests. 

Final fracture surfaces were in general perpendicular to the load 
direction for the [Olgs and [0/±30/0]2S test (see Figure 15). As may be 
seen in Figure 15a), longitudinal splitting was always at least a secondary 
(and sometimes a primary) fracture mode for the [ 0 ]g 5 tests. All other 
fracture surfaces for the unnotched tests tended to follow the principal 
fiber direction. For example see Figure 16. 

The fracture process for the [0/±30/0]2s specimens was often quite 
explosive and in many cases fragmentation occurred, i.e., fragments would 
be expelled considerable distances from the test machine. Also, for this 
series of tests, post specimen examination did reveal some evidence of 
delamination. However, it is felt that this delamination occurred after 
separation due to rebound impact forces (see Figure 15b which shows a 
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specimen which fv'actured in two places simultaneously). 

In many tests various factors indicated that fracture occurred first 


in inner plies. Figure 17a) is an SEM photograph of the central portion 
of a [0]8S specimen and gives the appearance that fracture first occurred 


on an inner ply near the middle of the specimen. Crack propagation then 
appears to move across the ply and through adjacent plies simultaneously. 
Figure 17b) is a micrograph of another [Olgs specimen showing indi- 


vidual broken and pulled out fibers. 

For the [0/±30/0]2s> [45/15/75/45]2s, and [90/±60/90]2s tests audible 
noise could be heard in nearly every case long before separation. Un- 
doubtably this audible noise was due to breakage of either individual 
fibers or individual plies and most likely was due to the latter. 

Another indication that fracture occurred on inner plies first can 
be seen by examination of Figure 18 which shows the load-time and strain- 


time traces from one strain-rate test for a [90/±60/90]25 specimen. As 
may be observed, small excursions in load occurred simultaneously with large 
excursions in strain. This was accompanied by large amounts of audible 
noise with no visible signs of failure on the surface of the specimen. A 
possible explanation for these observations is that fracture may have 
occurred first on an inner ply or plies near the location of the strain 
gage on a surface ply resulting in a transfer of strain from inner to outer 
plies with little loss in load carrying capacity. Such a process could 
cause a large increase in strain on an outer ply at the strain gage site 
and not affect the load carrying capacity appreciably. 

It should be noted that the manufacturers specification for the 
tensile strength of the [Ojg^ material was 240 ksi. Our tests, sub- 
stantiated by NASA-Ames, indicated a tensile strength of only 153 ksi. 
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This extreme difference seems to be a fault of the manufacturing technique. 
Also, as may be observed by examination of Tables 1-6, these graphite/epoxy 
materials contained extreme thickness variations, i.e., as much as 35%. 

Such variations in strength and thicknesses are obviously very important in 
attempts to understand the failure and fracture behavior of composite 
materials. 

Single Edge Notch (SEN) Data 

A series of tests were performed on single edge notched specimens with 
various notch lengths. The notches were made with a 0.006 in diamond saw 
with the resulting notch width of 0.0075 in. The tip of the notch was 
reasonably flat but with rounded corners. One corner appears to con- 
sistently have a smaller radius than the other. Figure 19 shows the 
geometry of a typical notch. In all cases notches were normal to the 
applied load direction, but the tensile load was at various directions to 
the fiber angle(s). 

Details of the specimen geometry and test results are shown in 
Tatsles 7 and 8. Fracture stresses were calculated using the net section 

I ' 

average thickness. The fracture angle refers to the direction of initial 
crack propagation with respect to the direction of load. With the excep- 
tion of the [0/±30/0]25 tests, crack propagation was in the direction of, 
or nearly so, the principal fiber direction. Minor deviations are likely 
due to misalignment of loads or specimen geometries or minor perturbations 
during the fracture process. 

Axial splitting was the predominant fracture mode for the [Olg^ tests. 
That is, when the Toad was in the fiber direction of the zero fiber with 
the crack normal to the fiber direction, fracture occurred parallel to the 
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load in every case. This was likely due to thickness variations and grip- 
ping conditions and the fracture loads are not thought at this time to 
represent realistic material values. The photograph of Figure 20 shows 
such a fracture mode. 

Only in the [O/iSO/Olgs tests did the crack propagate in a different 
direction than the principal fiber direction. In this case crack propaga- 
tion was erratic but was generally normal to the load and principal fiber 
direction. Figure 21 gives visual evidence of these results. (Note that 
for the SEN specimens only a starter notch was made sometimes with a thick 
saw blade but the notch tip was always made using the 0.006 saw blade.) 

In most cases fracture appeared to occur at the smallest notch tip 
radii. Also, in nearly all general laminate tests audible noise could be 
heard substantially before fracture. Also, in these cases and in some 
unidirectional tests, visible and stable crack growth was observed. That 
stable growth was observed is evident from examination of successive 35mm 
photographs taken during fracture shown in Figures 20, 22, and 23 for 
C0]g5, [45]g5 and [90/±60/90]2s tests respectively. Similar observations 
were made in other tests. 

The audible noise mentioned for the general ply tests appeared to 
occur in many cases in conjunction with a load reduction. That is, at some 
point prior to complete separation, load reduction would occur instantaneous 
ly. After a delay time, the load would again increase to its previous or 
a higher value. Repeated low reductions were observed in some cases as 
typified by Figure 24. 

Plots of the gross stress and net section stress versus crack length 
for the SEN data given in Tables 7 and 8 are shown in Figures 25 and 26. 

With the exception of the [Olgg data, notch sensitivity does seem to be 
present. 
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Inclined Single Edge Notch (ISEN) Data 

A series of tests were performed on single edge notched specimens 
with the notch at various angles to the applied load. Thus, both the load 
and notch were at various angles to the principal fiber direction. Details 
of specimen geometry and the results of the various tests are given in 
Tables 9 and 10. All angles are with respect to the load direction. Note 
that the crack lengths were always such that their projected length normal 
to the load was half the specimen width. This was done such that relevant 
comparisons between ISEN and other tests could be made. 

In the ISEN tests a microscope was mounted directly on the test 
machine such that in situ observations could be made and photographed. 

Figure 27a) shows the longitudinal splitting at the tip of a 45® notch in 
a [ 0 ]g 5 specimen while still sustaining a tensile load in the [0®] direc- 
tion. Figure 27b) shows the same results for a 75® notch in a [90/±60/90]2$ 
specimen. 

Figure 28 represents a sequence of photographs taken for a 
[45/15/75/45]2 s specimen with a notch at 40° to the Toad direction. Here 
it is graphically shown that stable growth occurs for this type of specimen 
while still sustaining additional load. The last photograph of Figure 28d) 
shows the specimen after separation and indicates that the fracture process 
is self-similar in the outer 45® ply, but is decidedly not self-similar in 
tinner plies. That is, by noting the jagged appearance of the fracture 
surface of the inner plies, it is obvious that the total fracture process 
it',; extremely complicated. 

Figure 29 shows the fracture planes of two [45]g5 specimens after 
separation when the initial notch was inclined in the same general direction 
as the fibers (with respect to the load) and when the initial notch was 
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inclined generally at right angles to the fibers. Obviously, self-similar 
or non-self-similar crack growth can be controlled by the manner in which 
the crack is induced. That is, fracture occurs primarily in the matrix 
with little fiber breakage. 

The fracture surfaces after separation of the six [0/±30/0]25 speci- 
mens with different angles of inclination of the initial notch are shown 
in Figure 30. Here it is obvious that a variety of fracture modes from 
nearly self-similar to totally non-self-similar was observed. Note the 
generally jagged appearance of the fracture surfaces indicating different 
directions of crack growth in interior plies and exterior plies. Note 
also the photograph of Figure 30f) where almost perfect self-similar be- 
havior from a macroscopic standpoint was observed. Of course at a local 
level, at any particular instant in the fracture process, the fracture 
process may not have been self-similar. 

Gross stresses and net stresses are shown plotted versus the angle 
of inclination of the crack {with respect to the load direction) in Figures 
31 and 32. With the exception of the tests for the [Ojgg and [45]gg speci- 
mens, it appears that fracture stresses tend to increase, as expected, when 
the crack is aligned more closely with the load direction. 

Again in nearly all tests of general laminate audible noise could be 
heard well before separation and repeated instantaneous load reductions 
followed by increases of loads to larger values were observed. 

Double Edge Notch (DEN) Data 

It is not clear that single edge notch (SEN) fracture data is as 
meaningful for a composite material as it is for a homogeneous isotropic 
material. That is, approximate solutions for SEN specimens are available 
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for quantifying data for isotropic materials. For composites there are no 
such solutions. Because of the above facts and because symnetry of loading 
is sometimes very important, a series of tests was performed on double edge 
notch specimens (DEN) with various lengths of notches normal to the load and 
at various angles to the principal fiber direction. Tables 11 and 12 give 
information relevant to the geometry of the specimens and the results of 
these tests. 

In general, the same type of information was obtained from these 

te^ts as from SEN or ISEN tests. That is, for unidirectional laminates 

fracture always occurred in the matrix. In other words, fracture planes 

wetre always parallel to the fiber direction regardless of load or length 

ofinotch. For our general laminate, again audible noise was heard long be- 
1 ■ . ' ■ . ' 
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fo^ separation and frequently repeated instantaneous load reduction 

followed by gradual load recovery were observed. Stable crack growth was 

observed at one or both crack tips with a microscope as in the ISEN tests. 

Figure 33 is a sequence of photographs showing the stable crack growth for 

the [0/±30/0]2 s specimens. Note the additional cracks somewhat above and 

below the notch tip and the jagged appearance of the fracture surface in 

Figure 33. Again, apparently fracture occurs in inner and outer plies at 

different times and different directions. While the general appearance of 

fracture is self-similar in a gross sense and especially for the outer 

plies, self-similar behavior is not the fracture mode on a local level for 

the inner plies. 

The [90/±60/90]25 DEN specimen containing a .05 in. length notch on 
one side is shown in Figure 34. As may be observed fracture occurred at a 
considerable distance from the site of the machined notch. In this particu- 
lar case the specimen thickness at the crack tip was 0.085 in. while its 
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mininiunni value was 0.075 In. at the fracture site. Thus the average areas 

2 

at each location were about the same, i.e., 0.075 in. Thus, it would 

appear that an inherent flaw existed at the minimum section which was more 
critical than the machined notch. One might infer from this case that the 
material is not notch insensitive. Obviously this is not necessarily the 
case as the material is not a continuum and as such the converse is likely 
to be true. The real question is only the size of critical inherent flaw 
if one existed. 

Figure 35 shows the fracture plane of all six [0/±30/0]2s specimens. 

As found earlier for SEN and ISEN specimens, some fracture planes tended 
to be self-similar while others did not. In fact, it seems that for these 
tests that initial separation of all layers (in contrast to separation 
only in an outer ply) tended to be in the 30® diraction. 

Gross stresses and net fracture stresses are given in Figures 36 and 
37. Obviously, considerable differences were found between both gross and 
net fracture stresses of the SEN and DEN specimens. This is particularly 
apparent from examination of the net stresses of Figures 24 (SEN) and 37 
(DEN). The DEN results for our general laminates tend to indicate less 
notch sensitivity than the SEN tests. 

Circular Hole Data 

Tests were performed on both types of laminated specimens containing 
circular hbles of * rying sizes. Details of geometry and the results of 
the various tests are given in Table 13. 

For unidirectional laminates fracture originated at the edge of the 
hole and propagated in the direction of the fibers in each case. Figure 
38 gives typical examples of fracture planes for the [ 0135 , [ 45 ] 3 g and [QOjgg. 


For our general laminates fracture originated (In most cases) at the 
edge of the hole and propagated in various directions depending on the lay- 
up. Figure 39 gives typical examples of fracture planes for various 
[ 0 /± 30 / 0 ] 25 » [ 45 / 15 / 75 / 45 ] 2 s and [90/±60/90]25 specimens. Also note the 
[90/±60/90]2 s specimen which separated at a location other than the hole. 

In this case the thickness at the edge of the hole was 0.079 in. and was 
0.074 in. at one location where fracture occurred. Thus, even though the 
net area was smallest at the minimum section, fracture occurred at the 
point where the specimen was the thinnest. Again, presumably an inherent 
flaw at the fracture site was more critical than the machined hole. 

Gross and net fracture stresses are shown in Figures 40 and 41. With 
the exception of the data for the [45]0s and [90]g5 specimens, the hole 
results are quite similar to the DEN results. 


ANALYSIS AND COMPARISON OF RESULTS 

As outlined in an earlier section, it is possible to predict the 
stiffness properties of laminates using lamination theory in conjunction 
with the properties of a single: ply. In our case, the data for a unidirec- 
tional graphite/epoxy laminate was assumed to represent the properties of 
a single ply. Lamination theory was then used to predict the stiffness 
behavior of both our unidirectional laminate and our general laminate. 

The former was done only as a check on the computer program which was used. 
Table 14 shows the results of this effort for the Hercules graphite/epoxy 
tensile data contained herein. Also shown is the results of the same calcu- 
lation for two other laminates whose properties are given in reference [8]. 
As may be observed, lamination theory gives excellent predictions for 
tensile moduli. The good agreement between theory and predictions gives 
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some confidence in both the use of lamination theory and in our experimental 
results. 

Another means of evaluating data on composites is to assess the 
validity of anisotropic transformation equations, equalities, etc. For 
unidirectional laminates orthotropic theory should work reasonably well. 

That is, equations (3) and (4) should be valid and the equality Eyvyx = 

EyVjjy should be maintained. Table 15 shows the comparisons for this equality 
and the calculations of the shear modulus using equation (4) and using the 
two special orthotropic relations (5) and (6) due to St. Venant. Note that 
the equality is not satisfied by nearly a factor of two and that the shear 
moduli calculated by the three different methods are not in agreement 
either. The value calculated by equation (4) does agree with the value 
from lamination theory given in Table 14 inasmuch as equation (4) is in 
fact used in lamination theory. 

Table 16 shows the same calculations and comparisons for the Hercules 
multi -directional laminate data. The equality Exvyx = EyVxv is more closely 
satisfied especially for the higher rates. This leads us to believe that 
some rate effect is present but is small and is not likely to be found by 
measurement of tensile properties alone. In other words, the viscoelastic 
effect, though small, is much larger for low rates than high rates. The 
same can be said for the data in Table 15. 

The shear moduli calculated by the various equations are now in much 
closer agreement. This probably is an indication, as with the satisfaction 
of the equality, that the [0/±30/0]25 laminate tends to be more nearly quasi- 
isotropic than the [Olgg laminate. In other words, the equality would 
obviously be satisfied for an isotropic material as would St. Venant's 
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special orthotropic equations. 

Considerable disagreement between the shear modulus of the multi- 
directional material calculated by equation (4) and by lamination theory 
(Table 14) is shown. This could be a reflection on the experimental data, 
i.e., using unidirectional laminate data as input for the behavior of a 
single ply in the general laminate, a reflection on the use of lamination 
theory in general, or on the use of orthotropic transformations for balanced 
and symmetric laminates ^ It may very well be that the results of Tables 
14, 15 and 16 indicate that balanced symmetric laminates can, as a first 
approximation, be considered to be orthotropic and that standard ortho- 
tropic transformation equations can be i.'sed with equal, if not more, con- 
fidence than lamination theory. 

In an effort to quantify the above idea, comparisons of pr^i... '"ties , 
the orthotropic equality, and St. Venant's orthotropic equations were made 
for data found in thg literature on a variety of composites. While the 
results are not conclusive for lack of sufficient data, it does appear that 
both the equality and St. Venant's special equations are better suited or 
more nearly valid for quasi-isotropic materials. If such is the case, one 
would wonder at the need for lamination theory for such materials. 

Lamination theory was used to predict the tensile loads at failure. 
These results are shown in Table 18. The procedures used to obtain the 
results by the Tsai and Azzi-Hill and the Ashkenazi theories were as out- 
lined in an earlier section. As may be observed, the Ashkenazi theory 
consistently gives closer correlation to the experimental data than the 
Tsai and Azzi-Hill theory. As will be recalled, the fundamental difference 
in the two approaches is that in the former, the value ax from equation (18) 
substitutes directly into (19) while in the latter, the value ax, cry and 


tyx/ must be transformed into the fiber directions before substitution into 
xy 

equation (15). Of course, it is possible to use the same procedure of 
Ashkenazi with the Tsai and Azzi-Hill theory of equation (15). That is, 
the value of ctx from (18) can be taken as equivalent to a-\ in. equation (15) 
This is referred to as the modified Tsai and Azzi-Hill procedure in Table 


18 and gives results comparable to the Ashkenazi theory. Additional work 
is currently underway in hopes of obtaining better correlation between 
theory and experiment. 

Efforts were made to compare our experimental results for circular 

• [191 

holes with the fracture theories of Waddoups, Eisenmann and Kaminski 
and Whitney and Nuismer^^^^ which were described briefly in the literature 
review section. Inasmuch as these theories are for infinite plates, our 
results for finite width plates had to be modified in such a way that 
meaningful comparisons could be made. This was accomplished using the 
approach of Whitney and Nuismer which can be expressed as. 


00 

°c)exp. 


•^fw fw. 

Kt 


(24) 


where a^jg^p 


the remote stress for an infinite plate, is a finite 


width isotropic correction factor, Kj is an orthotropic stress concentra 


tion factor for an infinite plate, )exp is the measured critical remote 
stress. The precise formulations for K.|r^ and Kj can be found in reference 
[21]. The experimental data was corrected by the above procedure and is 
shown together with the theories of Waddoups, et al ., and Whitney, et al., 
in Figures 42 and 43. The analytical results are essentially a plot of 
equations (21), (22) and (23). (Note that the latter two include an 
orthotropic stress concentration factor, Kj, to attempt to incorporate 
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material anisotropy. See reference [21].) 

Interestingly enough, better correlation between theory and experi- 
ment seemed to occur for the unidirectional laminate than for the angle ply 
laminates. This is especially true as the experimental fracture stress 
values for the [Olgg specimen are felt to be somewhat on the low side due 

to longitudinal splitting. 

Some of the differences observed in Figures 42 and 43 are undoubtedly 
due to the analytical methods used to effect a comparison. That is, the 
rather arbitrary use of an isotropic finite width correction factor to- 
gether with an orthotropic stress concentration factor in equation (24) 
is likely to be at least partially responsible for the deviations between 
theory and experiment. It might be noted that an arbitrary damage zone 
size of 0.04 in. was used for the Waddoups, et a1 . , theory and for the 
point stress criteria of Whitney, et al., while an arbitrary damage zone 
size of 0.15 in. was used for the average stress theory of Whitney, et al. 
These are the values given by the respective authors to represent the size 
of the damage zone for the laminates they investigated. It is possible 
that a different size damage zone is present in our materials at fracture. 
However, these effects are felt to be secondary to the possible errors in 
Kf„ and Ky. The results of Figures 44 and 45 tend to confirm this observa- 
tion. In Figures 44 and 45 the data was corrected by replacing the ortho- 
tropic stress concentration factor by an isotropic stress concentration 
factor, i.e., =3.0. Note that when this procedure was follows that the 

correlation with both theories was vastly improved. 

As yet no correlation has been obtained between our notch data and 
the various fracture theories described earlier. The primary obstacle has 
been our inability of finding in the literature or obtaining directly a 
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correct fracture mechanics solution to a finite anisotropic strip contain- 
ing single or double edge slits. Efforts are still underway in this area. 

DISCUSSION 

In this investigation an effort has been made to explore several 
aspects of laminated composites. Each was directly or indirectly related 
to the fracture behavior of composites. These were; the stress-strain 
chracterization from tension tests up to and including failure, the failure 
or yield process itself, and finally the fracture behavior of laminated 
composites. All of these items are needed for fracture investigations as 
moduli, Poisson's ratio, etc., enter into all LEFM analyses; failure stresses 
and strains are often used as parameters in fracture studies; and, of 
course, information on fracture toughnesses of composites is of vital im- 
portance. The state of the art of these three areas was discussed at some 
length. From this discussion it is clear that much effort yet needs to be 
expended in order to analytically characterize each area as well as identi- 
fy the most appropriate set of experiments to estimate the necessary 
parameters needed in a fracture analysis. For example, it is unclear 
whether it is best to determine shear properties from a tension test, tor- 
sion test, rail shear test, etc. Also, it is unclear if a flow rule can be 
used to predict failure planes as well as whether tensorial transformations 
are appropriate for failure analyses. That is, are nonlinearities large 
enough to cause linear analyses to be seriously in error? Further, similar 
questions can be raised about fracture testing in general , i .e. , are non- 
linearities important, etc.? Also, how does one measure the damage zones 
used in the various theories? What are the appropriate finite width 
correction factors for edge or center notches? 
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An experimental program to obtain the stress-strain, failure and 
fracture behavior of Hercules graphite/epoxy [0]gg and [0/±30/0]2s laminates 
was conducted. Tension test§ of unnotched specimens were performed where 
the load was at various inclinations to the fiber directions and different 
loading rates were used. Average properties were found at each strain rate 
tested. Generally, no rate effect was found over four orders of magnitude 
of strain rates. This was true even in cases where the load was at 90® 
to the principle fiber direction or when the composite was matrix dominated. 
Lamination theory was used to predict tensile moduli and stiffnesses with 
good success. Shear moduli were predicted both using orthotropic transfor- 
mation equations and two special equations due to St. Venant as well as 
lamination theory. While the evidence is not conclusive, it does seem to 
show that the two former methods are at least as effective as the latter 
method for quasi -isotropic materials. Efforts were made to make similar 
comparisons with data found in the literature with similar results. Also, 
orthotropic equalities were tested for the data from our materials and the 
data found for other materials in the literature. It appears that these 
are more nearly satisfied for those materials which tend toward quasi- 
isotropy. That is, the equality was more closely satisfied for our 
[0/±30/0]2 s material than for our [0]gg material even though the latter 
should be closely approximated by orthotropic theory. 

In our unnotched tests, audible noise was heard long before separa- 
tion or fracture. Often, this was accompanied by a load reduction with 
subsequent load recovery as mentioned earlier. This plus other evidence 
indicated that first fracture often occurred in inner plies. In quite 
nonscientific terms, the two types of noise heard were reminiscent of that 
heard when a tension wire breaks and that heard when wood splits. The 
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former was generally heard only when the load was in the direction of the 
fibers. The latter was usually heard in all cases and might be likened to 
matrix failure with fibers pulling away from the matrix longitudinally. 

The single most controlling factor related to unnotched fracture 
appeared to be the thickness at the fracture site. In other words, failure 
always seemed to occur at the thinnest point regardless of its location 
(i.e., in the grip or in the test section). 

Lamination theory was used together with two separate failure theories 

r 

to predict failure loads. Predictions were always quite inaccurate. 

Attempts are currently underway to modify the failure criteria. Preliminary 
indications are that considerable improvement can be made by not assuming 
that a ply is totally lost when only it has separated. 

Various SEN, ISEN, DEN or hole fracture tests were performed. Con- 
siderable differences were noted among the various tests. SEN, DEN, and 
hole results disagreed by a considerable amount. It would appear that notch 
sensitivity of some type is present. On the other hand, ISEN test seemed 
to indicate a general trend toward notch insensitivity. That is, in some 
cases the fracture load actually decreased as the angle crack tended toward 
the load direction. 

Longitudinal splitting was always the controlling fracture mode for 
unidirectional laminates with the load in the fiber direction. It was not 
clear that the fracture loads in these cases were representative of actual 
material behavior due to the gripping conditions. Fracture occurred 
generally normal to the 0° fiber in tests on [0/^30/0]2g specimens when ths 
load was in the direction of the 0° fiber. In all other cases the fracture 
planes were aligned with the principal fiber. Thus, it appears that fracture 
first occurs in the matrix in all cases except possibly for symmetric 
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off-angle composite loaded in a principal fiber direction. 

Probably the most important aspect of the fracture tests was that 
stable crack growth was observed. This stable growth was often accompanied 
by audible noise and a reduction in load with subsequent load recovery to 
even higher levels. Thus, fracture appeared to occur in stages on both 
inner and outer plies. Sometimes crack growth was self-similar and other 
times it was not depending primarily on the initial crack geometry, location 
and direction. Self-similarity was often produced in surface layers with 
obvious stages of non-self-similarity on interior layers. 

Again, probably the most controlling factor in the fracture process 
seemed to be the thickness at the fracture site. In two cases fracture 
occurred at a site away from the notch where the material was thinnest 
(90/±60/90 specimens). This does lead one to believe that the fracture 
process in nearly all composites is fiber dominated even when the material 
should be matrix controlled. That is, due to the manufacturing process, it 
is likely that the fibers per unit thickness is less where the laminate is 
the thinnest. If such is the case, then the thinnest section should be 
the most critical site. 

The fracture results were compared to two of the earlier fracture 
theories which have been verified by others as being reasonable approaches 
to the fracture of laminated (quasi-isotropic) composites. In our case 
closer correlation was obtained between our unidirectional data and these 
theories than between our off-angle data and these theories. It is felt 
that much of the difficulty resides in the finite width correction factor 
which includes an orthotropic stress concentration factor. This correction 
factor is taken directly from isotropic theory and is modified for use with 
composites only by the inclusion of an orthotropic stress concentration 
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factor. When the orthotropic factor is disregarded, excellent agreement is 
obtained between the Waddoups, Eisenmann and Kaminski theory and the 
Whitney and Nuismer theory and our results. As of this writing, the reason 
for this latter fact is unknown. 

In closing, it is appropriate to state again that laminated composites 
offer great promise as light weight but strong structural materials. How- 
ever, before they can be used with confidence, more information about 
experimental and analytical characterization of their fracture behavior 
must be obtained. In fact, it is felt that one of the most serious dis- 
advantages of composites today is their quality control and how this affects 
their performance in structural usage. Often thicknesses vary by signifi- 
cant amounts, warpages of varying degrees are present, residual thermal 
stresses are present, fiber densities vary by significant amounts, fiber 
directions are often in error, etc. All of these factors have serious 
effects on fracture behavior. With adequate quality control and with 
adequate testing and analytical studies, one aiding the other, perhaps some 
realistic fracture criteria can be developed to be valid for many different 
laminated composite systems. 
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Head 

Strain 

Test 

Modulus 

Poisson's 

Yield 

Yield 

Fracture 

Fracture 

Rate 

Rate 

No. 

Ex 

Ratio 

Stress 

Strain 

Stress 

Strain 

H, in/mi n 

* • -1 
e,min ' 


lO^psi 

'^xy 

ay.ksi 

£Y»% 

,ksi 

Cft% 



1® 

18.2 

0.31 

114.0 

0.56 

156.1 

0.81 

0.002 

2.4X10"^ 

2® 

18.7 

0.32 

125;0 

0.62 

146.9 

0.79 



3 

17.7 

0.26 

117.0 

0.62 

161.0 

0.86 



av. 

18.2 

0.30 

118.7 

0.60 

154.7 

0.82 



1^ 

18.4 

0.33 

99.7 

;0.53 

162.1 

0,86 

0.02 

2.9X10"^ 

2 

Q 

17.2 

i 

0.31 

94.3 

0.54 

136.5 

0.77 



0 

av. 

18.2 

0.32 

97.0 

0.54 

149.3 

0.82 



1 

15.0 

0.33 

80.0 

0.48 

181.2 

0.96 

0.2 

2.7X10"2 

2 

18.4 

0.41 

87.5 

0.44 

124.3 

0.69 



3 

18.0 

0.31 

108.0 

0.60 

171.0 

0.93 



av. 

17.1 

0.35 

91.8 

0.51 

158.8 

0.85 



1 

18.7 ; 

0.33 

33.0 

0.23 

138.0 

0,75 

2.0 

2.7X10-'^ 

2® 

17.7 

0.34 

56.0 

0.31 

125.9 

0.79 



3^ 

17.4 

0.28 

64.0 

0.36 

180.7 

0.95 



av. 

17.9 

0.32 

51.0 

0,30 

148.2 

0,83 

Average for all tests 

17.8 

0.32 

89.0 

0.48 

153.1 

0.83 


Remarks: 

a. , Grip Failures 

b. Thickness variation, 0.070-0.087 

c. 7 = 70°F, R.H. = 45% 

d. Point of intersection of bilinear 

a-e curve. . 


Table 1. Hercules AS-3501 Graphite/Epoxy [0]g5 Tensile Properties. 
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Head Strain 

Rate Rate 

• , • . » 1 
H,in/min e,mn 

Test Modulus 
No. E 45 

lO^psi 

Poisson's 

Ratio 

V 450 

Yield 

Stress 

oysksi 

Yield 

Strain 

ey»% 

Fracture 

Stress 

Of ,ksi 

Fracture 

Strain 

Ef 


1 ® 

2.5 

0.33 

6.2 

0.24 

15.4 

0.74 

0.002 2.9X10"^ 

2 

2.1 

0.24 

8.7 

0.43 

15.5 

0.84 


3 

2.2 

0.40 

9.0 

0.41 

15.8 

0.92 


av. 

2.3 

0.32 

8.0 

0.36 

15.6 

0.83 


1 ® 

2.4 

0.22 

9.9 

0.44 

15.8 

0.85 

0.02 2.8X10"^ 

2 

2.4 

0.25 

9.3 

0.39 

14.9 

0.68 


3 

2.5 

0.21 

8.1 

0.33 

16.0 

0.80 


av. 

2.4 

0.23 

9.1 

0.39 

15.6 

0.78 


1 

2.0 

0.36 

9.0 

0.45 

15.6 

0.95 

0.2 2.7X10*2 

2 

2.3 

0.22 

8.6 

^ 0.39 ; 

15.6 

0.88 


3 

2.2 

0.33 

9.9 

0.46 

17.6 

0.91 


av. 

2.2 

0.30 

9.2 

0.43 

16.3 

0.91 


1 

- 

- 

- 

- 

- 

- 

2.0 2.8X10*^ 

2 

1.8 

0.27 

10.0 

0.35 

13.7 

0.84 


3 

2.2 

0.23 

7.8 

0.53 

14.5 

0.68 


av. 

2.0 

0.25 

8.9 

0.44 

14.1 

0.76 

Average for all tests 

2.2 

0.28 

8.8 

0.40 

15.5 

0.90 

Remarks : 








a. Grip Failure 








b. Thickness Variation, 

0.070-0.076 





c. T = 70°F, R.H 

. = m 








d. Point of intersection of bilinear 
g-e curve. 

Table 2. Hercules AS-3501 Graphite/Epoxy [45]35 Tensile Properties. 


,J 

1 

.1. . 

1 

J 

1 


1. ; 

1 

1 

ii 

Head 
^ Rate 

Strain 

Rate 

Test 

No. 

Modulus 

Poisson's 

Ratio 

Yield 

Stress 

Yield 

Strain 

Fracture 

Stress 

Fracture 

Strain 

H,in/min 

e,min"^ 


lO^psi 

^yx 

d , . 
0y,ksr 

ey,% 

,ksi 

£f»% 

1# 


1® 

1.4 

0.017 

3.5 

0.24 

6.7 

0.50 

* 0.002 

2.9X10’^ 

2 

1.7 

0.010 

3.5 

0.25 

5.1 

0.40 



3 

2.0 

0.020 

3.5 

0.18 

6.6 

0.42 



av. 

1.7 

0,016 

3.5 

0.22 

6.1 

0.44 



1 

- 

- 

- 

- 

- 

- 

0.02 

3.1X10‘3 

2 

2.0 

0.021 

4.1 

0.23 

7.0 

0.42 



3 

2.0 

0.018 

3.3 

0.16 

6.9 

0.41 



av. 

2.0 

0.020 

3.7 

0.20 

7.0 

0.42 



1® 

1.8 

0.014 

4.2 

0.23 

8.2 

0.48 

0.2 

2.7X10-2 

2 

2.3 

0.027 

4.5 

0.22 

7.5 

0.42 



3 

2.0 

0.019 

4.0 

0.21 

7.2 

0.43 



av. 

2.1 

0.020 

4.2 

0.22 

7.6 

0.44 



1 

1.5 

0.020 

4.0 

0.26 

5.8 

0.37 

2.0 

2.7X10-'' 

2® 

2.2 

0.019 

4.6 

0.21 

9.6 

0.49 



3 

- 

- 

- 

- 

- 

- 



av. 

1.9 

0.020 

4.3 

0.24 

7.7 

0.43 

Average for all tests 

1.9 

0.019 

3.9 

0.22 

7.1 

0.43 


Remarks: 

a. Grip Failure 

b. Thickness Variation, 0.050-0.085 

c. T = 70°F, R.H. = 40% 

d. Point of intersection of bilinear 

a-e curve. 

Table 3. Hercules AS-3501 Graphite/Epoxy [gOlgg Tensile Properties. 


45 


Head 

Rate 

Strain 

Rate 

Test 

No. 

Modulus 

Ex 

Poisson's 

Ratio 

Yield 

Stress 

Yield 

Strain 

Fracture 

Stress 

Fracture 

Strain 

• 

H,in/min 

e ,min“^ 


lO^si 

^xy 

Oy.kSl 

Ey ,% 

Of ,ksi 

Cft% 



1 

12.8 

0.89 

82.5 

0.64 

130.7 

1.00 

0.002 

1.9X10'^ 

2a 

13.2 

1.01 

77.5 

0.58 

125.8 

0.93 



3 

11.9 

0.92 

70.0 

0.58 

128.6 

1.04 



av. 

12.6 

0.94 

76.7 

0.60 

128.3 

0.99 



1 

12.7 

0.93 

- 

- 

135.1 

1.06 

0.02 

1.9X10"^ 

23 

13.0 : 

1.03 

58.8 

0.45 

121.3 

0.91 



3» 

11.9 

0.97 

81.3 

0.68 

110.6 

0.94 



av. 

12.5 

0.98 

70.1 

0.57 

122.3 

0.97 



1 

12.2 

0.89 

72.5 

0.60 

118.3 

0.96 

0.2 

1.9X10“2 

2® 

12.8 

0.91 

63.8 

0.50 

129.0 

1.00 



3 

13.4 

0.94 

82.3 

0.61 

151.1 

1.10 



av. 

12.8 

0.91 

72.9 

0.57 

132.8 

1.02 



1^ 

13.1 

0.95 

51.3 

0,40 

128.4 

1.03 

2.0 

2.6X10’^ 

2 

13.8 

0.81 

50.6 

0.36 

122.7 

1.00 



3® 

12.9 

0.85 

63.6 

0.51 ; 

126.5 

1.00 



av. 

13.3 

0.87 

55.2 

0.42 

125.9 

1.01 

Average for all tests 

12.8 

0.93 

68.6 

0.54 

127.3 

1.00 


Remarks: 

a. Grip Failure ' 

b. Thickness Variation. 0.074-0.085 

c. T = 65"F. R.H. = 56% 

d. Poi nt of intersection of bilinear 
a-e curve. 


Table 4. Hercules AS-^3501 Graphite/Epoxy [0/±30/0]25 Tensile Properties. 


J 


£6 


Head 

Strain 

Test 

Modulus 

Poisson's 

Yield 

Yield 

Fracture 

Fracture 

Rate 

Rate 

No. 

^45 

Ratio 

Stress 

Strain 

Stress 

Strain 

• 

H,in/min 

E,min"^ 


lO^psi 

^45° 

ay,ksi 

Ey 

of.ksi 

^ft% 



1 

3.7 

-0.038 

19.0 

0.500 

25.1 

0.70 

0.002 

2.6X10“^ 

2 

3 .8 

-0.048 

18,8 

0.480 

27.4 

0.75 



3 

3.9 

-0.050 

17.6 

0.460 

25.8 

0.69 



av. 

3.8 

-0.045 

18.4 

0.480 

26.1 

0.71 



1 

4.2 

-0.080 

13.8 

0.450 

25.5 

0.66 

0.02 

2.8X10"^ 

2^ 

Q 

4.2 

-0.007 

17.4 

0.430 

25.5 

0.67 



av. 

4.2 

-0.044, 

15.6 

0.413 

25.5 

0.67 



1® 

5.0 

- 

16.9 

0.360 

28.3 

0.67 

0.2 

2.7X10"^ 

2 

3.7 

-0.017 

15.8 

0.435 

24.5 

0.71 



3 

4.2 

-0.039 

15,4 

0.395 

26.7 

0.75 



av. 

4.3 

-0.027 

16.0 

0.397 

26.5 

0.71 



1 

3.4 

-0.060 

17.0 

0.485 

25.4 

0.71 

2.0 

2.7X10'^ 

2 

4.1 

-0.074 

16.5 

0.425 

27.8 

0.68 



3 

4.2 

-0.043 

17.5 

0.410 

28.9 

0.71 



av. 

3.9 

-0.059 

17.0 

0.440 

27.4 

0.70 

Average for all tests 

4.0 

-0.044 

16.9 

0.434 

26.45 

0.70 


Remarks : 

a. Grip Failures [Adjacent to Grip only], 

b. Thickness Variation, 0.072-0.085 

c. T = 75°F, R.H. = 48% - 

d. Point of intersection of bilinear 

g-£ curve. ^ - 

e. Audible noise at 0,6 af, first 

failure or inner ply. 

Table 5. Hercules AS-3501 Graphite/Epoxy [45/15/75/45]25 Tensile Properties. 


Head 

Rate 

• 

H,in/min 

Strain 

Rate 

• • "1 
e,min ' 

Test 

No. 

Modulus 

lO^psi 

Poisson's 

Ratio 

^yx 

Yield 

Stress 

ay,kSl 

Yield 

Strain 

ey,^ 

Fracture 

Stress 

oy.ksi 

Fracture 

Strain 



1 

3.8 

0.14 

6.8 

0.29 

14.3 

0.73 

0.002 

2.7X10"^ 

2 

3.1 

0.16 

8.3 

0.38 

13.5 

0.88 



3 

2.2 

0.12 

7.5 

0.37 

13.6 

0.78 



av. 

3.0 

0.14 

7.5 

0.35 

13.8 

0.80 



1 

2.3 

0.14 

5.8 

0.26 

13.1 

0.78 

0.02 

2.7X10"^ 

2 

2.0 

0.13 

7.6 

0.39 

12.4 

0.73 



3 

2.0 

0.12 

9.3 

0.49 

13.2 

0.81 



av. 

2.1 

0.13 

7.6 

0.38 

12.9 

0.77 



1 

1.6 

0.12 

8.1 

0.50 

12.4 

0.82 

0.2 

2.9X10"^ 

2 

2.0 

0.14 

6.5 

0.29 

13.9 

0.70 



3 

1.8 

0.13 

7.9 

0.42 

12.6 

0.69 



av. 

1.8 

0.13 

7.5 

0.40 

13.0 

0.74 



1^ 

1.4 

0.12 

8.3 

0.48 

12.7 

0.85 

2.0 

a . ixio ’"* 

2 

1.9 

0.11 

7.9 

0.45 

10.6 

0.56 



3 

1.7 

0.10 

7.9 

0.40 

11.1 

0.63 



av. 

1.7 

0.11 

8.0 

0.44 

11.5 

0.68 

Average for all tests 

2.2 

0.13 

7.6 

0.40 

12.8 

0.75 


Remarks : 

a. Grip Failure 

b. Thickness Variation. 0.072-0.080 , 

c. T = 78^F, R.H. = 30^ 

d. Point of intersection of bilinear a-e curve. 

Audible noise 9 0.5 af in all cases. 

f. Complete fracture of inner plies appeared to 
occur prior to gross fracture. 

Table 6. Hercules AS-3501 Graphite/Epoxy [90°/±60®/90°]23 Tensile Properties. 


K:' 

■ k 



? 






f 



Specimen 

No. 

Fiber 

Direction 

Thickness 
Variation 
XI 0-3 in. 

Net Section 
Av. Thickness 
XlO-3 in. 

Crack Tip 
Thick 
XT0"3 in. 

Crack 
Length 
in. (a) 

Specimen 

Width 

in.(w) 

Fracture 

Angle 

Fracture 

Load 

Ob) 

w 

Gross 

Stress 

ksi 

Net 

Stress 

ksi 

I-l 

Co°]ss 

77-84 

81 

84 

0.199 

0.983 

QO 

2600 

0.20 

32.9 

41.2 

1-2 

M 

79-83 

81 

83 

0.299 

0.984 

0° 

2390 

0.30 

30.0 

43.1 

1-3 

II 

77-81 

79 

80 

0.396 

0.986 

0° 

2690 

0.40 

34.6 

57.8 

s 1-4 

II 

77-78 

78 

75 

0.500 

0.986 

0° 

2100 

0.51 

27.5 

55.7 

: 1-5 

II 

73-77 

75 

— 

0.601 

0.984 

0° 

2410 

0.61 

32.7 

83.9 

: 1-6 

II 

76-78 

77 

79 

0.697 

0.980 

0® 

810 

0.71 

10.7 

37.2 

■V II -1 

[45«]8S 

79-81 

80 

79 

0.196 

0.983 

45° 

148 

0.20 

1.9 

2.4 

1 1-2 

M 

72-79 

76 

79 

0.297 

0.983 

11 

105 

0.30 

1.4 

2.0 

II-3 

II 

84-86 

85 

84 

0.399 

0.984 

II 

88 

0.41 

1.1 

1.8 

i II-4 

II 

80-82 

81 

82 

0.496 

0.982 

47° 

79 

0.51 

1.0 

2.0 

C;| 1 1 -5 

II 

79-82 

80 

80 

0.599 

0.982 

45° 

35 

0.61 

0.4 

1.1 

1 1-6 

II 

80-83 

82 

83 

0.701 

0.983 

47° 

48 

0.71 

0.6 

2.1 

III-l 

•[90°]3s 

81-84 

82 

83 

0.199 

0.984 

90° 

121 

0.20 

1.5 

1.9 

1 III-2 

II 

82-84 

83 

82 

0.301 

0.988 

II 

66 

0.31 

0.8 

1.2 

!' 

i 

[ III-3 

II 

84-87 

85 

86 

0.399 

0.987 

tl 

50 

0.40 

0.6 

1.0 

II 1-4 

II 

82-83 

83 

83 

0.502 

0.986 

II 

37 

0.51 

0.5 

0.9 

1 I I 1-5 

II 

81-82 

82 

81 

0.601 

0.984 

II 

20 

0.61 

0.2 

0.6 

i 1 1 1-6 

II 


-- 

-- 

0.705 

“ 

-- 

— 

-- 

— 

— 


Table 7. Single Edge Notch (SEN) Data for Hercules Graphite/Epoxy Unidirectional Laminates. 


Specimen Fiber 

No. Directions 

Thickness 
Variation 
XI 0-3 in. 

Net Section 
A V . Thickness 
XI 0-3 in. 

Crack Tip 
Thick 
XlO -3 in. 

Crack 
Length 
in. (a) 

Specimen 
Wi dth 
in. (w) 

Fracture 

Angle 

Fracture 

Load 

( lb ) 

w 

Gross 

Stress 

ksi 

Net 

Stress 

ksi 

IV-1 

[ 90 /± 60 / 90 ] 2 s 

77-80 

79 

80 

0.201 

0.985 

86 ° 

600 

0.21 

7.8 

9.8 

rv -2 

11 

81-83 

82 

81 

0.295 

0.980 

88 ° 

446 

0.30 

5.6 

8.0 

IV-3 

» 

75-81 

78 

78 

0.392 

0.980 

89 ° 

295 

0.40 

3.9 

6.4 

IV-4 

11 

78-80 

79 

79 

0.492 

0.981 

89 ° 

230 

0.50 

3.0 

6.0 

IV-5 

II 

72-74 

73 

74 

0.602 

0.987 

89 ° 

125 

0.61 

1.7 

4.5 

IV-6 

II 

71-78 

74 

77 

0.700 

0.984 

— 

150 

0.71 

2.1 

7.1 

V-1 

[ 45 / 15 / 75/45125 

72-80 

76 

79 

0.201 

0.989 

48 ° 

960 

0.20 

12.8 

16.1 

V-2 

II 

80-84 

82 

84 

0.300 

0.987 

48 ° 

650 

0.30 

8.1 

11.6 

V-3 

II 

79-81 

80 

81 

0.396 

0.984 

50 ° 

465 

0.40 

5.9 

9.9 

V-4 

II 

75-79 

77 

76 

0.499 

0.989 

47 ° 

345 

0.51 

4.5 

9.2 

V-5 

It 

75-78 

77 

78 

0.599 

0.982 

50 ° 

265 

0.61 

3.5 

9.1 

V-6 

II 

72-73 

72 

72 

0.700 

0.982 

47 ° 

178 

0.71 

2.5 

8.7 

VI-1 

[0/±30/0]2s 

73-78 

76 

80 

0.199 

0.989 

83 ° 

2375 

0.20 

31.8 

39.9 

VI-2 

II 

71-81 

76 

81 

0.298 

0.989 

29 ° 

2080 

0.30 

27.9 

39.9 

VI-3 

M 

79-81 

80 

79 

0.398 

0.982 

84 ° 

1500 

0.41 

19.1 

32.1 

VI-4 

II 

80-88 

74 

76 

0.498 

0.986 

70 ° 

770 

0.51 

10.6 

21.3 

VI-5 

11 

72-81 

77 

80 

0.599 

0.984 

69° 

878 

0.61 

11 77 

29.8 

VI-6 

ii 

74-82 

78 

76 

0.704 

0.986 

72 ° 

497 

0.71 

6.5 

22.6 1 


Table 8. Single Edge Notch (SEN) Data for Hercules Graphite/Epoxy Multi -directional Laminates. 


.Specimen 

No. 

Fiber 

Direction 

Thi ckness 
Variation 
XIO‘3 in. 

Net Section 
Av. Thickness 
XlO-3 in. 

Crack Tip 
Thick 
X10"3 in. 

Crack 
Length 
in. (a) 

Specimen 
Width 
in. (w) 

Angle of 
Inclined 
Notch 

Fracture' 

Load 

(lb) 

w 

Gross 

Stress 

ksi 

Net 

Stress 

ksi 

1-7 


71-79 

75 

79 

0.500 

0.984 

85° 

1275 

0.51 

17.29 

34.57 

1-8 

II 

67-71 

69 

70 

0.503 

0.984 

80° 

1910 

0.51 

28.13 

56.26 

1-9 

II 

77-80 

79 

80 

0.514 

0.984 

75° 

2180 

0.52 

28.22 

56.44 

, r-10 

II 

77-80 

79 

80 

0.560 

0.983 

60° 

1545 

0.57 

20.02 

40.04 

1 i-ii 

II 

77-79 

78 

79 

0.680 

0.983 

45° 

1770 

0.69 

23.08 

46.17 

1-12 

M 

76-78 

77 

78 

0.745 

0.985 

40° 

1780 

0.76 

23.66 

47,12 

i 

! II-7 


74-77 

76 

75 

0.500 

0.989 

85° 

50 

0.51 

0.67 

0.'87 

II-8 

M 

79-83 

81 

83 

0.502 

0.984 

80° 

41 

0.51 

0.52 

1.03 

^11-9 

II 

68-72 

70 

72 

0,513 

0.983 

75° 

45 

0.52 

0.65 

1.31 

■ II -10 

II 

77-79 

78 

79 

0.560 

0.987 

60° 

64 

0.57 

0.83 

1.66 

" II-ll 

II 

67-70 

69 

70 

0.681 

0.989 

45° 

69 

0.69 

1.02 

2.04 

11-12 

II 

79-84 

82 

84 

0.763 

0.991 

40° 

75 

0.77 

0.93 

1.86 

k II 1-7 

[90°]8S 

81-83 

82 

83 

0.498 

0.988 

85° 

50 

0.5 

0.61 

1.22 

? III-8 

II 

81-83 

82 

81 

0.504 

0.983 

80° 

42 

0.51 

0.52 

1.03 

1 1 1-9 

II 

83-84 

83 

83 

0.512 

0.984 

75° 

41 

0.52 

0.50 

0.99 

III-IO 

II 

81-83 

82 

83 

0.565 

0.988 

60° 

52 

0.57 

0.64 

1.28 

! iii-ii 

II 

82-84 

83 

84 

0.672 

0.988 

45° 

46 

0.68 

0.58 

1.16 

? III-12 

II 

81-83 

82 

81 

0.752 

0.985 

40° 

39 

0.76 

0.48 

0.97 


Table 9. Inclined Single Edge Notch (ISEN) Data for Hercules Graphite/ Epoxy Unidirectional Laminates. 


Specimen Fiber 

No. Directions 

Thickness 
Variation 
XI 0-3 in. 

Net Section 
Av. Thickness 
XlO-3 in. 

Crack Tip 
Thick 
XlO-3 in. 

Crack 
Length 
in. (a) 

Specimen 

Width 

in.(w) 

Angle of 
Inclined 
Notch 

Fracture 

Load 

(lb) 

w 

Gross 

Stress 

ksi 

Net 

Stress 

ksi 

IV-7 

[0/±30/0]2s 

81-83 

82 ■ 

81 

0.500 

0.983 

85° 

900 

0.51 

11.2 

22.3 

IV-8 

II ;■ 

79-81 

80 

81 

0.496 

0.983 

80° 

1270 

0.51 

16.2 

32.4 

IV-9 


79-83 

81 

83 

0.506 

0.986 

75° 

1222 

0.51 

15.3 

30.6 

IV-10 


71-74 

73 

73 

0.556 

0.984 

60° 

1020 

0.57 

14.3 

28.6 

iv-n 

M 

80-83 

82 

80 

0.675 

0.984 

45° 

1065 

0.69 

13.3 

26.6 

IV-12 

II 

75-78 

77 

76 

0.766 

0.982 

40° 

945 

0.78 

12.6 

25.2 

V-? 

[45/15/75/4512S 

79-83 

81 

79 

0.497 

0.982 

85° 

420 

0.51 

5.3 

10.6 

r v-8 

i ■ 

II 

79-84 

82 

83 

0.503 

0.985 

80° 

487 

0.51 

6.1 

12.1 

1 V-9 

II 

75-79 

77 

79 

0.510 

0.984 

75° 

429 

0.52 

5.7 

11.3 

i V-10 

i 

It 

76-78 

77 

76 

0.559 

0.985 

60° 

440 

0.57 

5.8 

11.6 

t 

i v-11 

ii 

75-79 

77 

79 

0.693 

0.986 

45° 

434 

0.70 

5.7 

11.4 

j V-12 

II 

79-80 

80 

80 

0.762 

0.981 

40° 

405 

0.78 

5.2 

10.4 

VI-7 

[90/±60/90]2s 

78-79 

79 

78 

0.492 

0.980 

85° 

287 

0.50 

3.7 

7.5 

VI-8 

II 

78-80 

79 

78 

0.506 

0.983 

80° 

283 

0.52 

3.7 

7.3 

VI-9 

Ii 

75-77 

76 

77 

0.517 

0.986 

75° 

283 

0.53 

3.8 

7.5 

VI -10 

II 

77-82 

80 

80 

0.561 

0.986 

60° 

282 

0.57 

3.6 

7.2 

vi-n 

II 

73-81 

77 

74 

0.701 

0.985 

45° 

227 

0.71 

3.0 

6.0 

VI-12 

1! 

81-83 

80 

81 

0.775 

0.988 

40° 

307 

0.79 

3.9 

7.8 


Table 10. Inclined Single Edge Notch (ISEN) Data for Hercules Graphite/Epoxy Multi -directional Laminates. 


Specimen 

No. 

Fiber 

Direction 

Thickness 
Variation 
XI 0-3 in. 

Net Section 
Av. Thickness 
XI 0-3 in. 

Crack Tip 
Thick X 10"3 in. 
Left Right 

Specimen 

Width 

in.(w) 

Net Section 
Width 
in. 

Fracture 

Load 

( lb ) 

w 

Gross 

Stress 

ksi 

Net 

Stress 

ksi 

A-1 

[ 0 ° l 8 s 

75-79 

77 

78 

76 

0.983 

0.879 

5380 

0.11 

71.1 

79.5 

A-2 

II 

83-85 

84 

83 

85 

0.984 

0.778 

5300 

0.21 

64.3 

81.3 

A-3 

It 

78-83 

81 

83 

78 

0.984 

0.677 

3150 

0.31 

39.8 

55.6 

A-4 

II 

77-83 

80 

78 

83 

0.982 

0.576 

2990 

0.41 

38.2 

65.2 

A-5 

It 

80-83 

81 

83 

80 

0.983 

0.478 

2450 

0.51 

30.7 

63.0 

A-6 

(1 

67-70 

69 

70 

70 

0.984 

0.282 

1050 

0.71 

15.6 

54.3 

B-1 

[ 45 ”] 8 S 

73-76 

75 

73 

76 

0.984 

0.877 

295 

0.11 

4.0 

4.5 

B-2 


71-75 

73 

75 

71 

0.982 

0.779 

205 

0.21 

2.9 

3.6 

B-3 

n 

77-81 

79 

77 

78 

0.982 

0.680 

123 

0.31 

1.6 

2.3 

B-4 

ii 

57-69 

63 

57 

68 

0.987 

0.574 

90 

0.42 

1.5 

2.5 

B-5 

II 

61-71 

66 

61 

71 

0.988 

0.478 

92 

0.52 

1.4 

2.9 

B-6 

II 

83-86 

85 

86 

83 

0.982 

0.282 

58 

0.71 

0.7 

2.4 

C-1 

[90°]gs 

84-86 

85 

84 

86 

0.987 

0.879 

258 

0.11 

3.1 

3.5 

C-2 

II 

81-83 

82 

83 

81 

0.987 

0.778 

182 

0.21 

2.3 

2.9 

C-3 


81-83 

82 

82 

81 

0.983 

0.681 

143 

0.31 

1.8 

2.6 

C-4 

It 

86-89 

88 

86 

89 

0.986 

0.583 

120 

0.41 

1.4 

2.4 

C-5 

M 

83-84 

84 

83 

84 

0.982 

0.480 

97 

0.51 

1.2 

2.4 

C-6 

« 

. ' ■ 
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Table 11. Double Edge Notch (DEN) Data for Hercules Graphite/Epoxy Unidirectional Laminates. 


Specimen 

No. 

Fiber 

Direction 

Thickness 
Variation 
XI 0-3 in. 

Net Sect i on 
Av. Thickness 
XI 0-3 in. 

Crack Tip 
Thick XlO-3 in. 
Left Right 

Specimen 
Width 
in. (w) 

Net Section 
Width 
in. 

Fracture 

Load 

(lb) 

2 ^ 

w 

Gross 

Stress 

ksi 

Net 

Stress 

ksi 

D-1 

[0/±30/0]2s 

80-87 

83 

80 

81 

0.983 

0.879 

4390 

0.11 

53.6 

60.0 

D-2 

li 

77-85 

81 

79 

83 

0.982 

0.776 

3350 

0.21 

42.1 

53.3 

D-3 

II 

74-80 

77 

79 

74 

0.983 

0.681 

2760 

0.31 

36.5 

52.6 

D-4 

<* 

71-80 

76 

80 

71 

0.986 

0.576 

2090 

0.42 

25.5 

48.1 

D-5 

M 

74-80 

77 

74 

78 

0.984 

0.482 

2190 

0.51 

29.0 

59.3 

D-6 

II 

79 

79 

79 

79 

0.987 

0.278 

1490 

0.72 

19.1 

68.0 

E-1 

[45/15/75/45]25 

79-83 

81 

80 

79 

0.984 

0.877 

1900 

0.11 

23,8 

26.8 

E-2 

II 

82-85 

84 

83 

82 

0.983 

0.777 

1380 

0.21 

16.8 

21.3 

E-3 

II 

82-85 

84 

82 

83 

0.983 

0.681 

1255 

0.31 

15.3 

22 J 

E-4 

0 

70-73 

72 

73 

70 

0.984 

0.580 

830 

0.41 

11.8 

20.0 

E-5 

M 

78-81 

80 

81 

79 

0.987 

0.482 

812 

0.51 

10.4 

21.2 

E-6 

II 

76-78 

79 

78 

78 

0.982 

0.283 

520 

0.71 

6.7 

23.3 

F-1 

[90/±60/90]2S 

71-82 

80 

80 

79 

0.982 

0.880 

867 

0.10 

11.0 

12.3 

F-2 

II 

78-83 

81 

79 

82 

0.982 

0.781 

952 

0.21 

12.1 

15.2 

F-3 

II 

72-76 

74 

72 

75 

0.991 

0.675 

615 

0.32 

8.4 

12.4 

F-4 

II 

82-84 

83 

83 

82 

0.984 

0.579 

770 

0.42 

9.5 

16.1 

F-5 

II 

78-81 

80 

78 

79 

0.981 

0.482 

618 

0.51 

7.9 

16.1 

F-6 

n 

76-79 

78 

76 

78 

0.981 

0.284 

385 

0.71 

5.1 

17.5 


Table 12. Double Edge Notch (DEN) Data for Hercules Graphite/Epoxy Multi-directional Laminates, 


Specimen 

No. 

Fiber 

Directions 

Thickness 
Variation 
XI 0-3 in. 

Net Section 
Av. Thickness 
X10”3 in. 

Hole 

Dia. 

Specimen 

Width 

in. 

Left 

Width 

in. 

Side 
Thi ck 
X10-3 

Right Side 
Width Thick 
in. XlO-3 

Fracture 

Load 

(lb) 

d 

w 

Gross 

Stress 

ksi 

Net 

Stress 

ksi 








in. 


in. 





G-1 


81-84 

83 

0.122 

0.984 

0.431 

83 

0.432 

83 

8340 

0.12 

102.7 

117.3 

G-2 

II 

70-80 

75 

0.249 

0.984 

0.361 

75 

0.371 

73 

4830 

0.25 

65.4 

87.6 

G-3 

II 

72-80 

76 

0.491 

0.984 

0.243 

73 

0.247 

78 

2700 

0.50 

36.1 

72.1 

G-4 

II 

84-86 

85 

0.753 

0.985 

0.122 

85 

0.113 

85 

2000 

0.77 

23.9 

101.6 

H-1 


77-80 

78 

0.123 

0.985 

0.428 

77 

0.431 

78 

650 

0.13 

8.4 

9.6 

H-2 

II 

73-76 

75 

0.249 

0.989 

0.370 

75 

0.365 

73 

500 

0.25 

6.8 

9.1 

H-3 

II 

78-81 

80 

0.498 

0.981 

0.242 

78 

0.249 

79 

344 

0.51 

4.4 

9.0 

H-4 

II 

73-78 

76 

0.751 

0.983 

0.121 

76 

0.114 

78 

133 

0.76 

1.8 

7.6 

0-1 

t90°]8S 

81 -83 

82 

0.122 

0.986 

0.427 

82 

0.434 

81 

408 

0.12 

5.0 

5.8 

0-2 

II 

81-83 

82 

0.249 

0.984 

0.366 

81 

0.369 

82 

353 

0.25 

4.4 

5.9 

0-3 

It 

81-83 

82 

0.498 

0.983 

0.246 

82 

0.241 

81 

150 

0.51 

1.9 

3.8 

0-4 

II 

81-84 

83 

0.752 

0.984 

0.114 

82 

0.119 

81 

85 

0.76 

1.1 

4.4 

K-1 

[0/±30/0]2s 

77-81 

79 

0.123 

0.984 

0.431 

81 

0.426 

79 

4850 

0.13 

57.1 

71.3 

K-2 

II 

73-81 

77 

0.249 

0.984 

0.370 

76 

0.367 

81 

3880 

0.25 

51.2 

68.6 

K-3 

II 

79-82 

81 

0.499 

0.984 

0.245 

79 

0.238 

81 

2340 

0.51 

29.6 

60.0 

K-4 

It 

76-79 

78 

0.753 

0.984 

0.113 

78 

0.120 

79 

1400 

0.77 

18.4 

78.2 


Table 13. Hole Data for Hercules Graphite/Epoxy [Ojgs and [0/±30/0]2s Laminates. 


peci- 

men 

No. 

Fiber 

Directions 

Thickness 
Variation 
XI 0-3 in. 

Net Section 
Av. Thick 
X10"3 in. 

Hole 

Dia. 

Specimen 

Width 

in. 

Left 

Width 

in. 

Side 
Thick 
XI 0-3 
in. 

Right 

Width 

in. 

Side 
Thick 
XI 0-3 
in. 

Fracture 

Load 

(lb) 

d 

w 

Gross 

Stress 

ksi 

Net 
St res 
ksi 

L-1 

[45/15/75/45325 

80-86 

83 

0.123 

0.985 

0.427 

82 

0.431 

82 

2060 

0.13 

25.3 

28.9 

L-2 

II 

74-79 

77 

0.249 

0.985 

0.365 

78 

0.371 

77 

1170 

0.25 

15.5 

20.8 

L-3 

>■ 

77-84 

81 

0.500 

0.984 

0.244 

81 

0.241 

77 

722 

0.51 

9.2 

18.6 

L-4 

II 

71-76 

74 

0.753 

0.986 

0.113 

75 

0.124 

71 

320 

0.76 

4.4 

18.7 

M-1 

[90/±60/90]2s 

70-77 

74 

0.123 

0.990 

0.426 

70 

0.437 

70 

830 

0.12 

11.4 

13.0 

M-2 

II 

71-76 

74 

0.249 

0.984 

0.364 

73 

0.368 

72 

650 

0.25 

9.0 

12.0 

M-3 

II 

77-80 

78 

0.498 

0.979 

0.240 

79 

0.240 

78 

495 

0.51 

6.5 

13.2 

M-4 

II 

76-78 

77 

0.753 

0.989 

0.124 

78 

0.114 

77 

176 

0.761 

2.3 

9.7 


Table 13 (continued)* Hole Data for Hercules Graphite/Epoxy [0]g5 and [0/±30/0]2s Laminates. 


tn 

cr» 




Theory 


Experimental 

Material 

Lay-up 

Tensile Mod. 

XloSsi 

Shear Mod. 
XloSsi 

Tensile Mod. 
XloSsi 


0 ° 

17.7 

0.8 

17.8 


45° 

2.2 

1.6 

2.2 

Hercules AS 

Fiber-3501 

Resin 

90° 

1.9 

0.8 

1.9 


[0/±30/0]25 

12.8 

2.3 

12.8 


[45/15/75/45]2s 

4.7 

1.5 

4.0 


[90/±60/90]2s 

2.2 

2.3 

2.2 

AVCO-5505 
Boron Comp. 
Ref. [8]. 

[0/45/1 35/0/90]s 

16.1 

4.0 

14.9 

NARMCO-5206 

Graphite-Epoxy 

[8]. 

[0/45/1 35/0/90]5 

12.2 

3.0 

11.1 


Table 14. Comparison of Lamination Theory Predictions of 
Moduli with Experimental Results, 


Experimental 


Analytical 


Head 

Rate 

H in/in 

Ex 

(lO^psi) 

Ey 

(lO^psi) 

'^xy 

^yx 

0.002 

18.2 

1.70 

0.30 

0.016 

0.02 

18.2 

2.03 

0.32 

0.020 

0.2 

17.1 

2.05 

0.35 

0.020 

2.0 

17.9 

1.86 

0.32 

0.020 

Avg. 

17.8 

1.91 

0.32 

0.019 


^x^yx 

EyVxy 

Gjy 

** 

^xy 

*** 

®xy 

(psi) 

(psi) 

(lO^psi) 
Eq. (5) 

(10® psi) 
Eq. (6) 

(10®psi ) 
Eq. (4) 

.291 

.510 

1.48 

2.54 

.886 

.364 

.650 

1.71 

2.75 

.868 

.342 

.718 

1.70 

2.64 

.765 

.358 

.595 

1.59 

2.62 

.693 

.339 

.618 

1.62 

2.64 

.803 


Table 15. Comparison of Orthotropic Equalities and Transformations 
for Hercules Graphite/Epoxy [Olg^. 


Experimental 


Analytical 


Head 

Rate 



'^xy 

^yx 

Ex'^yx 

EyVxy 

®xy 

^xy 

^xy 

> 

H in/in 

(lO^psi) 

(lO^psi ) 



(psi) 

(psi) 

(lO^psi) 
Eq. (5) 

(10®psi) 
Eq. (6) 

(10® psi) 
Eq. (4) 

0.002 

12.6 

3.01 

0.94 

0.141 

1.78 

2.83 

1.79 

2.11 

1.25 

0.02 

12.5 

2.08 

0.98 

0.130 

1.63 

2.04 

1.39 

1.82 

1.83 

0.2 

12.8 

1 .83 

0.91 

0.133 

1.70 

1.66 

1.30 

1 .80 

2.20 

2.0 

13.3 

1 .67 

0.87 

0.112 

1.49 

1.45 

1.24 

1.80 

2.07 

Avg. 

12.8 

2.15 

0.93 

0.129 

1.65 

1.99 

1.43 

1 .88 

1.84 


Table 16. Comparison of Orthotropic Equalities and Transformations 
for Hercules Graphite/Epoxy [0/±30/0]25. 





Experimental 




Analytical 



Ref. 

Material 

Ex 

Ey 

^xy 


^xy 

^x"^yx 

EyV^y 

6*y 

r** 

^xy 

& 

Layup 

(loSsi) 

(lO^si) 



(lO^psi) 

(psi) 

(psi) 

(lO^psi ) 
Eq. (5) 

(lO^psi) 
Eq. (6) 

8 

Graphite/Epoxy 

[036 

22.5 

1.3 

.30 

.05 

0.72 

1.13 

.38 

1.17 

2.50 

29 

Glass/Epoxy 
Single ply? 

5.6 

1.2 

.26 

- 

0.60 

- 

- 

0.82 

1.01 

29 

Graphite/Epoxy 
Single ply? 

21.0 

1.7 

,28 

- 

0.65 

- 

- 

1.50 

2.77 

29 

Boron /Epoxy 
Single ply? 

30.0 

2.7 

.21 

- 

0.65 

- 

- 

2.39 

4.23 

29 

Boron/ A1 uminum 
Single ply? 

33.0 

21.0 

.23 


7.00 

- 


10.80 

11.12 

30 

Glass/Epoxy 

[0/±45/0/90]s 

3.8 

2.8 

.36 

.27 

1.29 

1 .01 

1.02 

1.23 

1.24 

13 

Boron/AVCO 5505 
[0] 

29.2 

3.2 

.17 

.02 

0.78 

.58 

.54 

2.75 

4.54 

13 

Boron/WRD 9371 
[0] 

32.1 

2.1 

.16 

.02 

1.11 

.64 

.34 

1.93 

3.90 

13 

Modmor I /ERL A 
4289 , [0] 

27.3 

0.6 

.20 

.04 

0.70 

1.09 

,12 

0.58 

1.96 

13 

Modmor/ ERLA 
4617, [0] 

27.5 

1.0 

,10 

- 

0.90 

- 

- 

0.99 

2.61 

13 

Modmor/WRD 
9371, [0] 

31.3 

0.7 

.25 

.02 

0.65 

.63 

.18 

0.70 

2.29 

13 

Scotch ply 1009- 
26-5901, [0] 

8.8 

3.6 

.23 

.09 

1.74 

.79 

.83 

2.25 

2.45 

31 

Borsic/ Aluminum 

[Ols 

33.7 

14.3 

.23 

.11 

- 

3.71 

3.29 

8.83 

9.55 


Table 17. 

Comparison of Orthotropic Equalities and Transformations 
for Various Laminates. 




Lay-up 

Experimental 

(lbs) 

TSAI & AZZI-Hill 
(lbs) 

ASHKENAZI 

(lbs) 

Modified 
TSAI & AZZI-Hill 
(lbs) 

45° 

574 

564 

574 

564 

[0/±30/0]2s 

5093 

3062 

3064 

3062 

[45/15/75/45]2s 

1058 

400 

930 

854 

[90/±60/9Q]25 

511 

203 

344 

343 


Table 18. Comparison of Experimental and Predicted Failure Loads 
Using Lamination Theory with Various Failure Theories 
(Hercules Graphite/Epoxy Laminates). 



Figure 1. Inherent Flaws in Graphite Epoxy Laminates. 

a) Left; [0]gs material— diamond machined surface at 45® to fibers, 950X. 

b) Right; [0/±30/0]2$ material --ultrasonically machined surface at 90® to 0® fibers, 200X. 
(Arrows denote flaw tips and laminae interfaces.) 
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Figure 4. Typical [0]3s Axial Strain - Transverse Strain Data. 
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Figure 6. Typical [45]35 Axial Strain - Transverse Strain Data. 
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Figure 9. TypicaT [O/iSO/Olpc Stress - Strain Data. 
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Figure 10. Typical [0/±30/0]2s Axial Strain - Transverse Data. 
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Figure 11. Typical [45/15/75/45]25 Stress-Strain Data 
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Figure 12. Typical [45/15/75/45]2p Axial Strain - Transverse Strain Data 
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Figure 13. Typical [90/±60/90]2s Stress - Strain Data. 
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Fracture Planes in Unnotched Laminates. 

a) Upper; [0]gs specimen showing axial splitting. 

b) Lower; [0/±30/0]2s specimen showing delamination. 







Figure 16. Fracture Planes in Unnotched Laminates. 

a) - d) Top to bottom; [45]8S* C^Olss* [45/15/75/45]2s and [90/±60/90] 
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Figure 19 


a) 




ry of Typical Edge Notch, 
ft; b) Right; 85X 
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Figure 20. Fracture Planes of [0]o5 SEN Specimens Showing Axial Splitting. 
(Arrows indicate extent of crack growth.) 
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Figure 21. Fracture Planes of [0/±30/0]2s Specimens 
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GROSS STRESS, 
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RELATIVE CRACK LENGTH , (a/ w ) 

FIG. 25 SINGLE EDGE NOTCH FRACTURE DATA FOR HERCULES 
GRAPHITE/ EPOXY LAMINATES. 




RELATIVE CRACK LENGTH, o/w 


F I G. 26 SINGLE EDGE NOTCH FRACTURE DATA FOR HERCULES 

GRAPHITE / EPOXY LAMINATES. 




Kigure 27. ISEN Fracture Planes for [0]gc and [90/±60/90]2c Specimens. 

a) Left; [Olgc specimen o) Right; [90/±60/90]2s specimen. 
(Arrows indicate extent of crack growth.) 





Figure 28. ISEN Fracture Plane for [45/15/75/45]2s Specimen. 

a) Left; no load b) Right; loaded 

(Arrow indicates extent of crack growth.) 
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FIG. 31 INCLINED SINGLE EDGE NOTCH ( I SEN ) GROSS FRACTURE 
STRESSES 
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FIG. 32 INCLINED SINGLE EDGE NOTCH (ISEN) NET FRACTURE 
STRESSES 
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Figure 34. Fracture Plane for [90/±60/90]2s DEN Specimen. 

(Note location of plane relative to notch.) 
(Arrows indicate notches.) 
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FIG. 36 DOUBLE EDGE NOTCH (DEN) GROSS FRACTURE 
STRESSES 
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Figure 38 . Fracture Planes for Specimen Containing a Circular Hole, 
a) - c) Left to right; [O]05, [45]0s and [ 90 ]g 5 . 





Figure 39. Fracture Planes for Specimen Containing a Circular Hole. 

a) - c) Top to Bottom ; [n/±30/0]2s, [45/15/75/45]2s and [90/±60/90]2s 









ASPECT RATIO d/w 

FIG. 41 CIRCULAR HOLE NET FRACTURE STRESSES 






RADIUS OF HOLE , r,in 


FIG. 42 COMPARISON OF EXPERIMENTAL AND THEORETICAL FRACTURE 
STRENGTHS (RESULTS CORRECTED TO INFINITE WIDTH 
USING ORTHOTROPIC STRESS CONCENTRATION FACTOR) 
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FIG. 44 


EXPERIMENTAL AND THEORETICAL FRACTURE 
STRENGTHS ( RESULTS CORRECTED TO INFINITE WIDTH 
USING ISOTROPIC STRESS CONCENTRATION FACTOR ) 
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FIG 45 COMPARISON OF EXPERIMENTAL AND THEORETICAL FRACTURE 
STRENGTHS (RESULTS CORRECTED TO INFINITE WIDTH 
USING ISOTROPIC STRESS CONCENTRATION FACTOR ) 



